CD4 and CD8 play an important role in T-cell recognition and activation; however, their mechanisms of action are not well understood. We compare the effects of expressing CD4 and CD8a either individually or together in a class U-restricted T-cell hybridoma. We also compare the effects of expressing truncated forms of CD4 or CD8a that do not have a cytoplasmic tail and thus do not associate with the T-cell-specifIc tyrosine kinase p56Ick, which has been implicated in T-cell activation. We demonstrate that, although CD4 and CD8a can specifically enhance interleukin 2 secretion, maximal potentiation occurs with expression of CD4, which, unlike CD8, can bind to the same major histocompatibility complex protein as the T-cell receptor. Our data further indicate that the cytoplasmic tail and/or the associated p56&k are primarily significant for interleukin 2 secretion by the hybridomas we have examined when CD4 or CD8 can bind to the same major histocompatibility complex ligand as the T-cell receptor.
the same major histocompatibility complex ligand as the T-cell receptor.
CD4 and CD8 are cell surface glycoproteins expressed on subsets of thymocytes and mature T cells. Transfection of genes encoding CD4 or CD8 into T-cell hybridomas has demonstrated that these proteins augment interleukin 2 (IL-2) secretion in response to specific antigen (1) (2) (3) (4) (5) (6) by binding to their respective class 11 (7) and class 1 (8, 9 ) major histocompatibility complex (MHC) ligands. Most thymocytes express CD4 and CD8, though as they mature, they selectively retain expression of either CD4 or CD8. CD4 is generally expressed on mature T cells that recognize class II-restricted antigen, whereas CD8 is usually expressed on mature cells that recognize class I-restricted antigen. This correlation between T-cell specificity and CD4 or CD8 expression has led to the suggestion that CD4 and CD8 are involved in T-cell recognition and thymic selection.
The introduction of CD4 or CD8 into T-cell hybridomas in which they cannot bind to the same MHC ligand as the T-cell receptor (TCR) has allowed for independent assessment of CD4-or CD8-ligand and TCR-ligand interactions (3, 4) . These experiments demonstrated that CD4 and CD8 can increase T-cell responses by binding independently of the TCR, presumably by acting as adhesion molecules to strengthen the overall avidity of the T cell for its antigenpresenting cell (APC). However, a growing body of evidence suggests that there is a physical association between the TCR and CD4 (10) (11) (12) and that CD4 and CD8 may primarily function complexed with the TCR (13) (14) (15) (16) (17) (18) . They have therefore been referred to as coreceptors (19) . Additionally, it has been suggested that CD4 and CD8 may play an active role in T-cell signaling. Support for this idea comes from the findings that the T-cell-specific tyrosine kinase p561ck is bound to the cytoplasmic tail of CD4 and CD8 (20) (21) (22) (23) (24) , that stimulation of CD4 with anti-CD4 monoclonal antibody (mAb) increases the in vitro kinase activity of the CD4 associated p56 ck (25) , and that crosslinking of the TCR and CD4 enhances the degree of TCR-mediated tyrosine phosphorylation (26) and level of lymphokine response (27, 28) .
To further define the mechanism(s) by which CD4 and CD8 enhance T-cell responses to antigen, we have compared the ability ofthese proteins to stimulate responses when they can or cannot bind to the same MHC molecule as the TCR. BI-141 is a CD4-/CD8-T-cell hybridoma specific for beef insulin associated with a hybrid class II molecule (29) . Since class I and class II molecules are present on the APC and since a baseline response to beef insulin is seen in the absence of either CD4 or CD8, this system allows for the direct comparison of the consequences of CD4 binding to the same MHC molecule as the TCR and the binding of CD8a to class I MHC distinct from the TCR ligand.
MATERIALS AND METHODS
Transfection and Expression of CD4 or CD8a. cDNAs encoding CD4, CD8a, or CD8a' were subcloned into the expression vector pH3APr-2-neo (30) . The L3T4cyt-construct encoding the truncated CD4 molecule was genetically engineered by cutting the cDNA encoding CD4 at the naturally occurring Nae I site, inserting stop codons, and subcloning into the pHBAPr-2-neo (30) . Thirty micrograms of DNA was transfected into 1 x 107 BI-141 T-hybridoma cells by electroporation with a single discharge of 3.5 kV/cm. Transfectants were selected by growth in RPMI 1640 medium (GIBCO) supplemented with 10o heat-inactivated fetal calf serum (Gemini Biological Products, Calabasas, CA), 2 mM L-glutamine (Irvine Scientific), and 600 ug of G418 per ml (GIBCO). (32) and mAb 2.43 (anti-CD8, Lyt-2.2 allele) (33) were added to T-cell cultures at a concentration of 4 ,ug/ml and were present throughout the assay.
RESULTS
Relative Effects of Expression of CD4 or CD8a in a Class 11-Restricted Hybridoma. BI-141 is a CD4-, CD8-T helper cell hybridoma specific for beef insulin associated with the hybrid class II IA molecule, AabAf8k (29) . We have previously shown that expression of mouse CD4 introduced into BI-141 by gene transfer results in a marked increase in reactivity to beef insulin along with a new specificity for pork insulin (6, 34) . To compare the relative effects upon IL-2 production of CD4 binding to the same (class II) MHC protein as the TCR and CD8 binding to a distinct (class I) MHC protein, we transfected an expression vector containing the cDNA for either CD4 or CD8a and the neomycin resistance gene into BI-141. Transfectants were selected for growth in the antibiotic G418 and subjected to immunofluorescence staining and analysis on the fluorescence-activated cell sorter (FACS) for cell surface expression of CD4, CD8, and the TCR Vf38 chain used for the insulin-specific response. Maximal levels of IL-2 production in response to antigen occurred when physiological or greater levels of CD4 or CD8 were present on the cell surface. Thus, to ensure that we were comparing the relative levels of maximal augmentation due to CD4 and CD8a, transfectants were sorted on a FACS for expression of high levels of CD4 or CD8 and similar levels of V,B8 (data not shown). Whereas CD8a can potentiate the response to beef insulin above that of the parental BI-141 hybridoma, it does so much less efficiently than CD4 ( CD8a transfectants is demonstrated even more dramatically in the response to pork insulin (Fig. 1 Lower) . Although significant IL-2 production by CD4 transfectants is observed in response to pork insulin, no IL-2 response is detected by either the parental BI-141 hybridoma or CD8a transfectants at the concentrations of pork insulin tested in Fig. 1 . The effects of either CD4 or CD8a are specific since they can be blocked by mAbs directed against CD4 or CD8, respectively (data not shown and Fig. 2) . Additionally, the effects of CD8a can be blocked by preincubating the APCs with anti-class I mAbs (data not shown).
Coexpression of CD4 and CD8a in the Same Class 11-Restricted Hybridoma. BI-141 cells cotransfected with CD4 and CD8a were sorted on a FACS until they expressed comparable levels of CD4 and CD8a when normalized to levels physiologically seen on mouse lymph node cells (data not shown). These CD4',CD8' transfectants were as efficient at augmenting IL-2 production as those transfectants expressing CD4 alone (Fig. 2) . Blocking experiments on cells expressing CD4 and CD8 further demonstrate a predominant role for CD4 in this class II-restricted response (Fig. 2) . Whereas mAb GK1.5, directed against CD4, significantly blocks the response at all antigen concentrations, mAb 2.43, directed against CD8, either inhibits minimally only at very low antigen concentrations or fails to inhibit at all. In each case the concentrations of mAb GK1.5 or 2.43 used were shown to specifically block transfectants bearing only CD4 or only CD8, respectively.
Role of the CD8a Cytoplasmic Tail in Augmenting IL-2 Production in a Class lI-Restricted Hybridoma. Mouse CD8a naturally occurs in two forms as a result of alternative mRNA splicing (35) . CD8a has a cytoplasmic tail of 28 amino acids by which it associates with the intracellular tyrosine kinase p561ck (22, 24) . In contrast, CD8a' has only 3 amino acids in the cytoplasm and does not associate with p56lck (22) . We have previously been involved in the characterization of a T-cell hybridoma, DC27.10, in which IL-2 production in response to the class I alloantigen Kb is entirely dependent on the expression of CD8a (2, 22) . CD4, which cannot bind to the same MHC protein as the TCR, had no effect upon antigen responsiveness in this hybridoma (22) . Presumably, the TCR expressed by DC27.10 is of sufficiently low affinity that it is entirely dependent on "coreceptor functions" of CD8, and any effects due to independent binding of CD4 to class II molecules present on the APC are insufficient to elicit a measurable response. In the DC27.10 hybridoma we determined that CD8a augments IL-2 production to a greater degree than does CD8a' (22) . This demonstrated a direct functional role for the cytoplasmic tail of CD8a and/or the associated p56Ick when CD8a and the TCR could potentially bind to the same MHC molecule. To assess the role of the CD8a cytoplasmic tail and the associated p561ck when the TCR and CD8a bind to distinct MHC ligands, we transfected BI-141 with an expression vector containing the cDNA encoding CD8a or CD8a'. Appropriate expression of either CD8a or CD8a' was confirmed in the transfectants by immunoprecipitation with anti-CD8 mAbs, and comparable cell surface levels were demonstrated by FACS analysis (data not shown). As shown in Fig. 3 , hybridomas transfected with either CD8a or CD8a' are equally efficient at augmenting IL-2 production in response to beef insulin. The potentiating effects seen with CD8a and CD8a' are specific, since they are blocked by mAb 2.43 directed against CD8 (Fig. 3) . These data further indicate that the blocking seen with anti-CD8a mAb does not involve transmission of a negative signal through the cytoplasmic tail but rather results from steric interference with a receptor-ligand (CD8/class I) interaction. (i.e., under circumstances where CD4 and the TCR can bind to the same MHC molecule), the cDNA encoding CD4 was truncated by cutting at the naturally occurring Nae I site, and stop codons were inserted. The resulting construct encodes the extracellular and transmembrane domains of CD4, but only the first three amino acids of the cytoplasmic tail. When transfected into BI-141 cells, the truncated molecule was expressed on the cell surface as demonstrated by immunofluorescence staining (data not shown). Northern blot analysis confirmed that CD4cytF transfectants expressed an mRNA species '100 base pairs shorter than that observed with transfectants expressing the full-length CD4 protein (data not shown). CD4cyt-transfectants were sorted on the FACS to obtain cells expressing CD4 levels comparable to the full-length CD4 transfectants and were then tested for their ability to produce IL-2 in response to beef insulin. As shown in Fig. 4 , CD4cyt-transfectants could not be distinguished from CD8a transfectants in their ability to augment IL-2 secretion by the BI-141 hybridoma. Although CD4cyt-transfectants produce much lower levels of IL-2 than the full-length CD4 transfectants at any given antigen concentration (Fig. 4) , they do release more IL-2 than the untransfected parental line. The effects of CD4cyt-expression can be blocked with anti-CD4 mAbs, demonstrating the specificity of the augmentation (data not shown). (3, 4, 36) . Since in BI-141, CD8a and CD8a' augment reactivity to the same extent, it is unlikely that this augmentation is the direct result of signal transduction through the CD8a cytoplasmic tail or the associated p561ck. Instead, increased reactivity most likely results from the increased avidity of the T cell for the APC due to CD8-class I interactions. This mechanism may be relevant in low-affinity T cells where an additional interaction between CD4 or CD8 and MHC alleles not directly involved in TCR antigen recognition may be significant. Indeed, support for such an effect was described by Goldstein and Mescher (36) in a system analyzing alloreactive T-cell responses to cellsized artificial membranes bearing H-2 class I.
DISCUSSION
Recent data by O'Rourke et al. (37) demonstrate that CD8 binding to class I MHC is increased upon activation of the TCR with an anti-TCR antibody. If such a mechanism is involved in CD8 potentiation of antigen-induced IL-2 production in the BI-141 hybridoma, the finding that CD8a and CD8a' augment IL-2 production to the same degree may imply that this mechanism is not dependent on the cytoplasmic tail of CD8a. Alternatively, this mechanism may not be operative in stimulating IL-2 production by the BI-141 hybridoma or may play less of a role when the TCR is stimulated by binding to antigen as opposed to specific antibody.
Although CD4 and CD8a can augment antigen-induced IL-2 production in BI-141, CD4 augments the response to a much greater degree than CD8a. We attribute the greater ability of CD4 to potentiate this class II-restricted response to its ability to bind to the same MHC molecule as the TCR. The expression of CD4 and CD8 in BI-141 provides additional evidence of a predominant role for CD4 in this class IIrestricted response, since CD4+CD8 double transfectants are blocked more easily and to a greater degree with anti-CD4 than with anti-CD8 antibody. These data are in agreement with blocking studies on anomolous hybridomas that express CD4 and CD8 (17, 18) .
Our data demonstrate a major functional role for the cytoplasmic tail of CD4 in class II-restricted coreceptor function in a syngeneic system using intact APCs. Sleckman et al. (38) have previously demonstrated a potentiating effect due to the cytoplasmic tail of human CD4 under conditions of limiting antigen concentration in planar membranes using a xenogeneic cytoplasmic-tailless human CD4 construct in a mouse anti-human T-cell hybridoma.
Previous data from the class I-specific DC27.10 hybridoma (22) and current evidence from the BI-141 hybridoma suggest that there is an element of coreceptor function that is dependent on the cytoplasmic tail of CD4 and CD8 and/or the associated p561ck. This may be the result of increased signaling due to activated p56 ck bound to the cytoplasmic tail of CD4 or CD8a. Alternatively, or additionally, the cytoplasmic tail may be directly involved in TCR-CD8 or TCR-CD4 complex formation.
We and others (22, 39) have recently published data using the class I allo-specific DC27.10 hybridoma suggesting that there may be some element of coreceptor function that is independent of the cytoplasmic tail (i.e., removal of the cytoplasmic tail of CD8 diminishes but does not completely abrogate CD8-dependent coreceptor activity). We saw no such effect with CD4 coreceptor function in the BI-141 system, since CD8a and CD4cyt-appear to potentiate IL-2 production to the same degree. These results may reflect a fundamental difference between CD4 and CD8 in their association with the TCR. On the other hand, the BI-141 system may not be sensitive enough in this response range to detect a difference between the effects of CD4cyt-and CD8a.
Tyrosine phosphorylation of a number of as yet uncharacterized proteins and of the r chain are known to occur concomitantly with T-cell activation (40, 41) and are among the earliest events in T-cell activation (26, 40, 41) . It has recently been demonstrated that treatment of CD4+ T cells with anti-CD4 mAbs results in increased in vitro p561ck activity accompanied by increased tyrosine phosphorylation ofthe chain of the TCR complex (25) and that when CD4 and the TCR are crosslinked using heteroconjugate antibodies, TCR-induced tyrosine phosphorylation is augmented (26 
